Groundwater in the discharge area of former ammunition production facilities often reveals severe contamination by production residues and waste products. Thus, these can effect a health hazard to human beings in cases where untreated water is consumed. Based on a case study of a more than 1.5 km elongated contamination plume, column tests were carried out for determining the mechanisms of transportation. By using local soils taken in undisturbed cores and the contaminated local groundwater consisting of TNT, DNT, DNB, TNB, ADNT and DNN, in-situ conditions were created. Previous investigations showed that the sorption strongly correlates with the content of clay and organic matter in the soil; recent investigations additionally show the existence of complex interactions in the pristine multi-compound systems investigated. In compliance with the percentage composition of clay and organic matter, various breakthrough-curves were obtained, which imply different sorption phenomena, e.g., competitive adsorption. In particular, step-like breakthrough-curves have to be emphasised as extraordinary phenomenon.
Introduction
With the example of the WASAG explosives plant in Haltern, Germany, we have to deal with a former production area used for military production during times of war. There, from 1918 until 1922, waste waters from disintegrating ammunition were sunk into a deep-reaching extended aquifer of high permeability, causing a wide-spread contamination plume. The cleaning of groundwater, e.g. by pump and treat, is extremely cost-intensive because of the aquifer's high permeability. This leads us to considering natural attenuation. For this a thorough investigation of the nitroaromates' transportation mechanisms is required. Therefore, the spatial future spreading of the contamination plume must be predicted on the basis of an examination of the past spreading, which has taken place in a period of 88 years. The mass flow of the ideal tracer by way of groundwater discharge in this specific aquifer is very well known and even retardation factors (R d ) of the nitroaromates are determined by previous investigations [1] . The R d of the very refined and homogeneous cretacious quartz sands of the "Halterner Sands" building up the aquifer, are dependent on smallest contents of fines and organic matter. Only small variations in these contents lead to significant variation in the retardation behaviour.
Hence, a laboratory investigation program was established by Jänig [2] , in order to find out qualitatively as well as quantitatively the influence of various contents of both, fines and organic matter. This is followed by application of the results on field dimension.
Laboratory investigations
In order to receive R d under defined random conditions, column tests were carried out. For creating nearly pristine conditions local soils taken in undisturbed cores and the local groundwater were used. The test-fluid was gained from a well amid the contamination plume. Its chemical composition is given as follows: 25 µg/l TNT, 4.09 µg/l 2,3-DNT, 77.2 µg/l 2,4-DNT, 5.46 µg/l 3,4-DNT, 78.1 µg/l 1,2-DNB, 160 µg/l 1,3-DNB, 9.12 µg/l 1,4-DNB, 29.8 µg/l 2-A-4,6-DNT, 40.0 µg/l 4-A-2,6-DNT, 4.11 µg/l 1,5-DNN, 42.3 µg/l 1,8-DNN and 5.0 µg/l TNB. This is a total content of 708 µg/l of nitroaromatic compounds (NAC). The undisturbed core samples were available from three locations situated in the back part of the contamination plume taken from different depths of the aquifer. Hence, it was possible to choose a wide spectrum of different grain size distribution and content of organic matter of the soils. The soilmechanical and mineralogical parameters of the samples are given in table 1.
The column tests were carried out with a hydraulic gradient of 0.669, which is exactly 100 times the value of the natural groundwater flow in the aquifer. Breakthrough-curves (BTCs) were recorded in order to find out the timedependent behaviour of the spreading. Therefore, water samples were not only taken in a single distance from the injection level but also in 3 different levels between. For determining R d and sorption of the NACs depending on soil type and flow distance, BTCs of the almost ideal tracer Cl -were compared with the BTCs of every single analyzed NAC at every single level of a column. 
Types of breakthrough-curves
The results of the column tests indicate the existence of complex interactions in the multi-compound systems investigated: In compliance with the percentage composition of potential adsorbents in the sediment eight different main-types of BTCs were distinguished for the NACs, see figure 1 . The BTCs are characterised by different sorption phenomena depending as well on the sorption on various adsorbents as on the sorbates among each other as discussed as follows: Type 1 BTCs have a normal progression, which can show different gradient slopes, depending on the R d of the compound investigated. Because of the continuous tracer-flow a maximum concentration is received, which is equivalent to the initial concentration, respectively c/c 0 = 1.0, if standardized. These types of BTCs were mostly analyzed in the primarily ultra-pure quartzsands with few adsorbents of the columns VV and TC V and for NACs, which mainly adsorb specifically at certain adsorbents missing or are present in the soil only in very small contents.
Corresponding to an increased content of certain adsorbents specific adsorption was determined for several NACs, which result in a distinct retardation of their transportation velocity as well as in a notable deficit in their concentration in solution by adsorption. These adsorption phenomena are represented by the BTCs of type 2 -4. These BTCs were received in the adsorbent-rich soils of column TC 3 and TC 4 and in any other column for strong specifically adsorbing NACs, which quickly occupy all free places at the adsorbent and can't be displaced by any other weakly-bounding NAC.
Additionally, competitive adsorption takes place for equally-specialized NACs, resulting in a displacement of weakly-bounded NACs from the adsorbent back into solution by stronger sorbing NACs. So-caused sudden increases and decreases of the concentration in solution of 2 or even more competitive sorbates temporarily induce contrasting peaks in the BTC of the associated competitive NAC, which occasionally can exceed the concentration of the source. The described antagonistic behaviour of the sorbates is shown by the types 5 and 6: When adsorption of one NAC starts (decreasing of type 5), desorption of another NAC takes place at the same time (increasing of type 6).
Type 7 BTCs indicate a combination of the main-types 4, 5 and 6. Therefore, they represent very strong interactions in the multi-compound system investigated. These BTCs are mainly received for strongly-bounding NACs in soils with a medium content of adsorbents. Main-types of breakthrough-curves.
2.2
Step-like break-through curves (type 8)
The step-wise breakthrough, see figure 2, which was additionally affirmed by sorption isotherms obtained from batch tests, see figure 3 , does not correspond to adsorption-models usually applied for soils. The step-wise progression is described best by step-like isotherms of type VI after Brunauer et al. [3] , which have not been detected for soil-systems, yet, or by expanding the L 4-respectively the S 4-type isotherms after Giles et al. [4] with at least one additional plateau. By assuming, that such an interpretation is valid, the type VI isotherm does correlate with a so new-defined L 5-respectively S 5-isotherm, resulting from a multi-layer-sorption. Step-like breakthrough-curves of 2,4,6-TNT; column TC 4. In a first step, multi-layer-sorption is caused by a concentration-dependent mechanical rearrangement of the sorbates at a first monolayer on the real adsorbent. In a second step, the monolayer itself can be filled with sorbates until a second layer is completed. This following occupancy is affected by a substance-dependent critical concentration of the solution. Step-like BTCs were obtained for TNT, 1,3-DNB and TNB at each level; for 3,4-DNT and 1,2-DNB at the higher levels; for 1,4-DNB and 4-ADNT at the lower levels and for 2-ADNT only at the lowest level of the column probably because of less running-time. Table 3 shows the differing R d for each NAC depending on the type of soil in the columns, see additionally table 1. In order to find out a superior sequence of mobility, main values were determined for each NAC. Thus, the following sequence is formed (increasing R d ): 1,4-DNB < 4-ADNT/TNT < 2,3-DNT < 3,4-DNT/1,3-DNB < TNT/4-ADNT < 2-ADNT/3,4-DNT < TNB < 1,3-DNB/2-ADNT < 1,2-DNB/1,8-DNN < 1,8-DNN/1,2-DNB < 1,5-DNN < 2,4-DNT. The sequence reveals for some NACs high and low R d . This is explained by different concentrations of the sorbates in solution depending on the soil composition, at which they are preferentially adsorbed. Thus, the position partners are read as competitive partner substances. Therefore, it is evident, that competitive adsorption accelerates the field-velocity of weakly-bounded NACs.
Sorption and retardation
For some NACs specific adsorption was established: 1,5-DNN and TNT adsorb on clay; 2,4-DNT, 1,2-DNB, 1,8-DNN adsorb on organic matter; 2-ADNT and 4-ADNT adsorb on both, clay and organic matter; 2,4-DNT and 1,2-DNB adsorb on both, organic matter and goethite. 2,3-DNT, 3,4-DNT, 1,3-DNB, 1,4-DNB and TNB do adsorb unspecifically without any preference on clay, organic matter, hydrooxides and quartz as well.
Because the part of specific sorption can't be differentiated in pristine multicompound systems, the influence on retardation of any adsorbent can't be determined quantitatively. Merely an increasing of the field-velocity is indicated, when the amount of adsorbents in the soil decreases. Therefore, in the ultra-pure quartz sands field-velocities of some ten m/a are obtained for the NACs. But in sand enriched with potential adsorbents, mobility decreases, and field-velocities of only a few m/a can be found.
Application on field dimension
The spreading velocity of each NAC investigated was determined on the basis of the in-situ field-velocity of v a = 31.5 m/a and the calculated R d , see Tables 5 and 6 both show evidently the correspondence of the spreading distance calculated with the real spreading velocity in-situ. Thus, the sequence of the NACs' mobility can be transmitted on in-situ conditions as well, which is confirmed, yet, by current investigations. But the differentiation discussed is overlain by the discontinuity of the former source, the changing of sorption and release processes and competitive adsorption, see figure 4 , resulting from changes in the concentration of the sorbates in solution. As a result, in every monitoring well, the distribution of contaminants varies time-dependently [2] .
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Further investigations
The results quoted above show that the elaborate test series presented are a fundamental and indispensable basis for a prediction of the future spreadingvelocity of the plume. Therefore, they are applied on transport modelling, being carried out right now.
